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ABSTRACT 
An analysis is made of the effect of sea state on Doppler-radar 
measurement of aircraft ground speed. Previously published data taken 
at both microwave and visible-light wavelengths are used to estimate 
the ground-speed error in a representative situation, The magnitude of 
the error is determined by the sea state and by the flight dfrection 
relative to the ground-wind direction. The results indicate that a 
probable error of less than one percent is generally achievable after 
correction for the effect of sea state. 
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SUMMARY 
An analys is  has been made of the  e f f e c t  of  sea s t a t e  on Doppler-radar 
measurement of a i r c r a f t  ground speed. Previously published data  taken a t  
both microwave and v i s i b l e - l i gh t  wavelengths were used t o  est imate the  
ground-speed e r ro r  i n  a representa t ive  s i tua t ion .  The magnitude o f  t he  
e r ro r  i s  determined by the  sea s t a t e  and by t he  f l i g h t  d i rec t ion  r e l a t i v e  
t o  t he  ground-wind di rect ion.  
The r e s u l t s  indicate  t h a t  a probable e r ro r  of  l e s s  than one percent  
is  general ly  achievable i f  one estimates t he  most probable value o f  t he  
e r ro r  f o r  each heading, and f o r  the  given sea s t a t e ,  and then appl ies  
t h i s  est imate a s  a correction. 
INTRODUCTION 
I n  some meteorological experiments covering a l a rge  area over t he  
ocean, it may be  necessary t o  measure the  wind speed and d i r ec t i on  a t  
severa l  a l t i t udes .  This can be done, using instrumented a i r c r a f t ,  by 
combining Doppler radar measurement of  ground speed with the  a i r c r a f t ' s  
airspeed. The computed wind speed i s  the  di f ference of these  two much 
l a rge r  numbers, both of which a r e  subject  t o  er ror .  The e f f e c t  of  sea 
s t a t e  on t h e  e r ro r  i n  ground speed measurement by Doppler radar  w i l l  be 
t r e a t ed  here. The analys is  r e l i e s  on previously-published experimental 
data taken a t  both microwave and v i s i b l e - l i gh t  wavelengths, 
This analys is  was i n i t i a l l y  performed t o  a s s i s t  i n  the  planning f o r  
p ro jec t  B O W  (Barbados Oceanographic and Meteorological Ekperiment ), 
which was conducted i n  May-July 1969 by ESSA with t he  par t i c ipa t ion  and 
ass i s tance  of numerous governmental and univers i ty  organizations. 
Doppler radar measurement of a . i rcraf t  ground speed over the  sea i s  
* 
subject  t o  two e r ro r s  not  found over land. Both a r e  due t o  the  character  
of  the  sea surface and vary quant i ta t ively  with the  sea s t a t e .  The f i r s t  
e r ro r  i s  due t o  the  f a c t  t h a t  t he  radar beam i s  r e f l e c t ed  by the  sea 
surface i n  a  d i f f e r en t  manner than t h a t  i n  which it i s  r e f l e c t ed  by land. 
The e r ro r ,  which may be  termed a  "ca l ib ra t ion  error ,"  may be on the  order 
of  one percent of t he  indicated ground speed. The second e r r o r  i s  due 
t o  the  f a c t  t h a t  the  radar- ref lec t ing sea surface may, under some circum- 
stances,  appear t o  have a  veloci ty ,  r e l a t i v e  t o  " t r ue  ground," whose 
magnitude depends on t he  surface  wind speed. This e r ro r ,  which may be 
termed a  "surface-speed e r ro r , "  i s  some f r ac t i on  of t he  surface-wind speed. 
Both e r ro rs  Ciepend on t h e  angle between the  a i r c r a f t  heading and the  wind 
d i r ec t i on  a t  the  sea surface. 
The dependence of the  ca l ib ra t ion  e r ro r  on the  nature of  t he  sea 
s t a t e  appears f a i r l y  wel l  documented by several  observers ( references  1-4)  
who have reported ac tua l  Doppler-radar data. Unfortunately, these  data  
a r e  given without specifying the  angle between t he  radar  beam and t he  
surface-wind di rect ion.  The dependence of the  ca l ib ra t ion  e r r o r  on the  
angle between a i r c r a f t  heading and surface wind ("crosswind" vs "upwind- 
downwind") i s  l e s s  f u l l y  documented. We have had t o  use the  data reported 
by references 5 and 6, taken a t  v i s i b l e - l i gh t  wavelengths. There i s  no 
evidence t h a t  these data  a r e  inapplicable t o  radar wavelengths; however, 
the  data  cover a  narrower range of sea s t a t e s  than was covered by 
references 1-4,  
The dependence of the  surface-speed e r ro r  on t h e  surface-wind speed 
i s  presented by references 1, 2, and 7. However, it i s  not c e r t a i n  t h a t  
these  represent  independent determinations; they may p a r t i a l l y  stem from 
the  same source. Furthermore, the  magnitude of the  surface-speed e r ro r  
i s  s t a t ed  i n  a  l e s s  p rec i se  form than i s  the  ca l i b r a t i on  error .  We have 
had t o  apply some i n t u i t i o n  i n  order t o  make the  be s t  poss ible  estimate 
of t h e  surface-speed e r ro r ,  
* The simple e r ro r  due t o  ocean current (1 t o  2 knots)  i s  neglected i n  
t h i s  analysis .  
I n  the  following analysis ,  we f i r s t  discuss the  measurement of  the  
veloci ty  o f  t he  a i r c r a f t  r e l a t i v e  t o  the  sea surface,  and der ive  t he  
corresponding ca l ib ra t ion  error .  Then, we discuss the  determination o f  
the  ve loc i ty  o f  t he  sea surface r e l a t i v e  t o  " t rue  ground" and der ive  
the  corresponding surface-speed e r ro r ,  
A numerical example i l l u s t r a t e s  how these  e r ro rs  a r e  combined. 
Sys tem Configuration 
For s impl ic i ty ,  the system t o  be considered w i l l  be t he  Janus 
system (reference 9 )  shown i n  Fig. 1, The s impl i f ica t ion i s  tantamount 
t o  assuming zero d r i f t  angle, so t h a t  a i r c r a f t  heading coincides with 
the  t rack  of t he  a i r c r a f t  over t he  ground, and t o  assuming t h a t  t h e  plane 
through the  forward and rearward beams includes t h i s  ground track.  The 
a i r c r a f t  heading i s  i n  t he  x-direction.  The hor izonta l  plane through t h e  
mean sea surface  i s  the  x-y plane, Two radar  beams from the  antenna a t  
(0,  0, h )  reach t he  sea surface and a r e  re f l ec ted  back t o  t he  antenna. 
Each beam i s  very narrow, rectangular  i n  cross section,  with included 
angle 20 i n  t h e  x-z plane and included angle 2p i n  t he  orthogonal d i rec t ion .  
The beams i n t e r s e c t  the  x-y plane i n  t he  two rectangles shown. The forward 
- and rearward beams both make a mean angle e0 with the  z-axis i n  the  x-z 
plane. I f  l i e s  along an isodop, the  beam can be  t r e a t ed  a s  two- 
dimensional, so t h a t  only what happens i n  the  x-z plane need be considered. 
I n f i n i t e l y  narrow beam, For t he  ideal ized condition (20, the  bas ic  
Doppler formula holds 
Af 4v 
- - -  
 
f s i n  O0 C 
where Af/f i s  t he  f r a c t i ona l  frequency s h i f t ,  c i s  the  speed of l i g h t ,  
and v i s  the  component of a i r c r a f t  veloci ty  r e l a t i v e  t o  the  sea surface  
i n  t h e  d i r ec t i on  of the  a i r c r a f t  heading, No frequency s h i f t  i s  produced 
by re la t ive -ve loc i ty  components i n  the  y- o r  z-direction. 
Beam of nonzero width. For the  r e a l i s t i c  case a > 0, t L c  s i n  O0 i n  
Eq. ( 1 )  must be replaced by mme average over the  i n t e rva l  
Assume t h a t  the  antenna beam has a uniform radiated-power d i s t r i bu t i on  
over t h i s  in te rva l ,  but  t h a t  the  power re f l ec ted  a t  angle 0, per un i t  
element of area  of the  sea surface,  var ies  with the  angle of incidence 8 .  
Then, i f  aO(0) i s  t he  back-scattering cross sec t ion  of the  sea surface 
per un i t  area of  sea surface,  Eq, ( 1 )  i s  replaced by 
po'U P ( 0 )  s i n  0  - d0 
This formula assumes t h a t  $(0)  i s  the  same f o r  both forward and 
rearward beams. For t he  s i t ua t i ons  t r ea ted  i n  t h i s  analys is ,  t h i s  
assumption appears t o  be  va l i d  (references 5 and 6).  
Dis t inct ion Between Land and Sea 
Over land covered with reasonably dry vegetation, t he  value of $(0)  
i s  independent of 8 ( references  2  and 4)) so t h a t  the  r a t i o  of  t he  
in tegra l s ,  t h a t  appears i n  Eq. (3 ) ,  i s  very close t o  s i n  Boo However, 
over t h e  sea, one encounters two types of radar  re f l ec t ion :  
Specular r e f l e c t i on  from smooth waves, Here, t he  s t a t i s t i c a l  
d i s t r i bu t i on  of wave slopes i s  approximately Gaussian, and $(0) i s  a  
rapidly-changing function o f  0  (references 1-4) .  The hor izonta l  wave- 
propagation veloci ty  has negl ig ible  Doppler e f f ec t  i n  t he  Janus system 
because the  water displacement i s  e f fec t ive ly  a  v e r t i c a l  o s c i l l a t i o n  
( reference 1). 
Scat ter ing by whitecaps and spray. Whitecaps appear a t  wind speeds 
above 7 knots ( ~ e a u f o r t  No. 3 ) ;  spray appears a t  wind speeds above 17 knots 
( ~ e a u f o r t  No, 5 )  ( reference 8), The r e su l t an t  s ca t t e r i ng  produces a  value 
0 
of a ( 0 )  t h a t  i s  e f fec t ive ly  constant over t he  i n t e r v a l  Eq, ( 2 ) )  j u s t  a s  
i n  f l i g h t  over land. However, t he  hor izonta l  veloci ty  of  whitecaps and 
spray ( r e l a t i v e  t o  the  "ground") causes a  propor t ional  Doppler frequency 
s h i f t ;  spray, being wind-borne, ha.s a  higher ve loc i ty  than whitecaps, The 
component of  t h i s  hor izonta l  veloci ty  i n  the  d i r ec t i on  of the a i r c r a f t  
heading represents the  "surface-speed error ,"  
5 
Both types of r e f l e c t i o n  
can be included i n  Eq, ( 3 )  i f  we wr i t e  
where subscr ip t  1 represents r e f l e c t i o n  by smooth waves and subscr ip t  2 
represents  r e f l e c t i on  by whitecaps and spray. Note t h a t  o l (8  ) i s  a 
constant . 
Error Due t o  Reflection by Sea 
Comparison of Eq. ( 3 )  f o r  sea r e f l e c t i o n  with the corresponding 
formula f o r  land r e f l e c t i on  (where 2 i s  a constant)  leads t o  the  
f r a c t i o n a l  e r ro r  i n  the  f r a c t i ona l  Doppler frequency s h i f t .  
References 1-4 present  radar data on 0°(8) f o r  various values of 
Bo and various sea s t a t e s .  For t he  i n t e rva l ,  Eq. ( 2 ) )  i n  which a: << 0 o ) 
the  value of o0 can be approximated by an equation of the  form 
0 
where B = (do Id8 )0=8 
0 
Subs t i tu t ion  of Eq, ( 6 )  i n to  Eq. ( 5 )  y ie lds  
6 
References 1 and 7 ind ica te  t h a t  t h i s  ca l ib ra t ion  e r ro r  can be p a r t i a l l y  
compensated by a  landlsea switch on a  radar se t .  Such compensation 
reduces the  probable ca l ib ra t ion  e r ro r  by a  f a c to r  o f  2 ( o r  more) through 
the  expedient of i n se r t i ng  a  correction equal t o  t he  most probable value 
of the  ca l ib ra t ion  e r ro r ,  corresponding t o  the  most probable sea s t a t e .  
Error Due t o  Surface Wind 
The ca l ib ra t ion  e r ro r  j u s t  discussed a f f ec t s  t he  determination o f  
the  ve loc i ty  v  of  the  a i rp lane  r e l a t i v e  t o  the  sea surface. There 
a  
remains t o  be determined the  veloci ty  
vs 
of  t he  sea surface r e l a t i v e  
t o  "ground." This l a t t e r  veloci ty  can be estimated from two data:  
( 1 )  observation of the  sea s t a t e  
( 2 )  independently-measured o r  estimated surface wind veloci tyo 
I f  (1) shows t he  sea t o  have only smooth waves (few o r  no whitecaps, 
Beaufort No. l e s s  than 4))  t he  veloci ty  
vs 
of t he  sea r e l a t i v e  t o  
"ground" may be assumed t o  be zero, 
If ( 1 )  shows the  sea t o  have numerous whitecaps ( ~ e a u f o r t  No. 4 o r  
h igher) ,  the  veloci ty  vs of the  sea r e l a t i v e  t o  "ground" may be taken 
1 1 t o  be between - and - of the  surface wind veloci ty ,  according t o  10  5 
references 1, 2, and 7. Presumably the  f r a c t i on  w i l l  be l a rge r  a t  higher 
surface-wind speeds. 
The component of vs i n  t he  d i rec t ion  of a i r c r a f t  heading, when 
added t o  va, y ie lds  the  a i r c r a f t  ground speed i n  t he  d i r ec t i on  of a i r c r a f t  
heading. 
Calculations of Errors 
0 
Radar sca t t e r ing  cross sect ion of the  sea surface,  Graphs of o 
agains t  sea s t a t e  a r e  shown f o r  X-band ( 3  cm) waves by references 1 and 2 
i n  terms of Beaufort number, and by references 3 and 4 i n  terms of wind 
speed. Measurements of  reference 4 were on a  r i v e r  ins tead of open sea, 
Angle between wind d i rec t ion  a t  the  water surface and t he  ra4ar-beam o r  
a i r c r a f t  heading i s  not s ta ted .  
To indicate  the  order of  magnitude of e r ro rs  t h a t  might be encountered, 
computations w i l l  be made f o r  the case 
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A l i n e a r  approximation of the  form a0 = A + BB t o  the published 
graphs, a t  8  = 20 degrees, gives the  values of  
t h a t  a r e  l i s t e d  i n  Table I. The f r ac t i ona l  e r ro r  ~ ( A f / f ) / ( A f / f )  f o r  
a = 1 degree, computed by Eq, (8), i s  a l so  l i s t e d  i n  Table I and i s  
p lo t t ed  i n  Fig. 2. 
V is ib le - l igh t  r e f l e c t i on  by the  sea surface. Because of the  sparse-  
ness of  data on 0' a t  radar  wavelengths, it i s  useful  a l so  t o  use 
o p t i c a l  measurements o f  wave-surface slope and t o  der ive  an equivalent 
1 
a therefrom. It i s  reasonable t o  assume t h a t  radar  value of - - d8 
waves and l i g h t  waves a r e  re f l ec ted  i n  s imi lar  manner, s ince t h e  wave 
length  of e i t he r  i s  very shor t  compared t o  the  wavelengths of t he  sea  waves, 
References 5 and 6 repor t  on specular r e f l e c t i on  of l i g h t  waves from 
the  sea surface. They show t h a t  the  s t a t i s t i c a l  d i s t r i bu t i on  of sea-wave 
slopes i s  Gaussian t o  a  f i r s t  approximation, with a  smaller variance i n  
t he  crosswind d i rec t ion  than i n  the  upwind-downwind d i rec t ion  (Fig.  3).  
I f  the  p robab i l i ty  CIP t h a t  wave slope l i e s  i n  the  i n t e rva l  d* i s  
given by 
= P(*) - d* 
where 
d 
and i s  t h e  variance of the  d i s t r ibu t ion ,  then the  ref lec tance R ( + ~ )  
of t he  surface  a t  a  mean angle qo i s  proport ional  t o  the  p robab i l i ty  
where A$ i s  t he  very small angle subtended by the  t ransmit ter - receiver  
(antenna) a t  t he  sea surface,  A l i n e a r  approximation t o  the curve of 
R($) versus $, i n  the  v i c in i t y  of bo, and i n  the  narrow in t e rva l  between 
+ and qo - 
*o 2 , yie lds  2 
where c i s  a consta.nt of  propor t ional i ty  t h a t  disappears from the  f i n a l  1 
r e s u l t  (14). 
The quanti ty can replace the  quanti ty 
*='In 
Figure 2 includes the  e r ro rs  so computed, using values of  from 
Fig. 3. The range of wind speeds covered i s  the  range over which 
references 5 and 6 consider the  data re l i ab le .  The maximum wind speed i s  
15 knots, where whitecaps become numerous; the  minimum wind speed, imposed 
- 
by experimental l imi ta t ions ,  i s  t h a t  where becomes l e s s  than 0.4 qo. 
Comparison between crosswind and upwind-downwind di rect ions .  The 
only reported data,  presented i n  Fig, 2, t h a t  unequivocally ind ica tes  a 
d i s t i nc t i on  between the  crosswind and t he  upwind-downwind d i rec t ions  of 
f l i g h t ,  a r e  t he  light-wave data  of references 5 and 6 a t  15 knots, The 
e r ro r  i n  crosswind f l i g h t  i s  about 1.5 times the  e r ro r  i n  upwind-downwind 
f l i g h t ,  
Based on t h i s  reported data, we make the  following i n t u i t i v e  
assumptions concerning radar  waves : 
( 1 )  A t  wind speeds higher than 15 knots, where whitecaps and spray 
provide stronger re f l ec t ions ,  t he  r a t i o  between crosswind and 
upwind-downwind di rect ions  should be c lose r  t o  unity,  
( 2 )  The radar  data of  references 1, 2, 3, and 4 were probably taken 
i n  the  upwind-downwind di rect ion.  
Numerical example, Table I1 presents numerical ca lcula t ions  of the  
e r ro rs  under t he  following assumptions: 
9 
(1) Airc ra f t  speed i s  300 knots 
0 0 ( 2 )  e o = z o ,  a = l  
( 3 )  Data of  references 1 and 3 a r e  used f o r  the  upwind-downwind 
ca l i b r a t i on  error .  
(4) Crosswind ca l ib ra t ion  e r ro r  i s  assumed 1.5 times the  upwind- 
downwind calibra.tion e r ro r  a t  wind speeds up t o  15 knots; t h e  
mul t ip l i e r  i s  assumed t o  be 1 .25  a t  26 knots. 
( 5 )  Magnitude of surface-speed e r ro r  i n  d i r ec t i on  of the  surface  
wind i s  assumed t o  be 6 of surface-wind speed a t  1 5  knots and 
t o  be of surface-wind speed a t  26 knots. 5 
Note t h a t  t he  ca l ib ra t ion  e r ro r s  would vary proport ionately i f  
a i r c r a f t  speed were other  than 300 knots, but  t h a t  the  surface-speed 
e r ro rs  would not change. 
SUMMARY OF RESULTS 
The e r ro r  i n  ground-speed measurement i s  the  sum of a c a l i b r a t i on  
e r ro r  and a surface-speed e r ro r ,  The absolute magnitude of the  ca l i b r a t i on  
e r ro r  a t  300 knots i s  l i s t e d  i n  Table 11; t h i s  absolute e r ro r  would vary 
i n  proport ion t o  the  speed. The surface-speed e r ro r ,  a s  l i s t e d  i n  Table 
11. would not vary with speed, 
Analysis of  the  data i n  Table 11 then shows t h a t  f o r  the  condit ions 
0 0 Qo = 20 , a = 1 , airspeed 300 knots. a probable e r ro r  of l e s s  than one 
percent of t he  speed would be achieved i f  one estimated the  most probable 
value of the  ground-speed e r ro r  from Table I1 and then applied t h i s  
est imate a s  a correction.  
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Table I 
Cal ibra t ion  Error  Over Sea Surface, 
Rela t ive  t o  Land Surface Cal ibra t ion ,  
For O0 = ZOO, Ci = lo 
Table I1 
Estimated Grou2d SpeedoErrors 
e 0 = 2 0 ,  a = l  
Yi 
Two s ign i f ican t  f igures  a r e  not warranted. 
a A t  300 knots a i r c r a f t  speed. 
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